INTRODUCTION
============

The contractile ring is a ubiquitous, conserved structure used for cytokinesis in animal and fungal cells. This actin-myosin--based structure has generally been believed to exert contractile force to drive the ingression of the plasma membrane at the cleavage furrow. However, recent findings have called into question the primary importance of the ring for force production in furrow ingression. In several cell types, cytokinesis has been found to proceed in the absence of myosin or myosin-motor activity, including in *Dictyostelium* ([@B19]), budding yeast ([@B7]; [@B32]; [@B22]), fission yeast ([@B47]), and mammalian cells ([@B34]). Thus, the functions of the contractile ring remain to be precisely defined.

Fission yeast *Schizosaccharomyces pombe* serves as a genetically tractable model for cytokinesis ([@B5]; [@B46]). *S. pombe* cells are rod-shaped, unicellular organisms encased in a glucan-rich cell wall that divide by medial fission. An actomyosin ring, which shares many conserved core components with the ring in animal cells ([@B2]), forms just under the plasma membrane at the medial division site during mitosis. This ring is composed of short actin filaments bundled and oriented largely parallel to the plasma membrane ([@B27]) and contains myosin IIs, which pull on the actin filaments ([@B6]; [@B39]), as well as proteins that link the ring to the plasma membrane ([@B11]; [@B49]). At the end of mitosis, the cell wall septum begins to be formed at the site marked by the ring ([@B50]). The septum cell wall grows inward just outside the plasma membrane, concurrent with the closure of the cytokinetic ring inside the membrane. The septum is a thin (∼100-nm thickness) trilaminar structure assembled by cell wall synthases, which include Bgs1, which contributes linear β(1,3)-glucan at the primary septum ([@B16]); Bgs4, which contributes to branched β(1,3)-glucans at the secondary septum ([@B15]); and Ags1, which is responsible for α(1,3)-glucan synthesis ([@B17]).

In *S. pombe* cells, successful cytokinesis requires both the septum and ring. Mutants defective in the ring fail to form an organized septum ([@B42]; [@B36]; [@B14]; [@B23]), suggesting that the ring is needed to template the initial location of the septum. Components of the ring may serve to recruit the septum assembly machinery to proper locations on the plasma membrane. In mutants that cannot form a septum, the ring can form but does not pinch in the membrane, instead often sliding on the plasma membrane ([@B26]; [@B54]). Force estimates suggest that the ring does not exert nearly enough force to work against the high turgor pressure in these cells ([@B47]; [@B54]). We showed that furrow ingression and septum growth can still occur in the absence of the actin ring ([@B47]). In these experiments, cells that had already initiated septation were treated with a high dose of latrunculin A (LatA) and were observed to continue furrow ingression. These findings suggest that cell wall growth pushing from outside of the membrane provides the primary force for furrow ingression in these cells. However, the slower rate of ingression in various ring mutants and in LatA-treated cells ([@B44]; [@B32]; [@B66]; [@B52]; [@B45]; [@B47]; [@B55]) suggests that the ring may positively modulate the rate of ingression. How contractile forces exerted by the ring contribute to furrow ingression and septation is not understood.

Here we examine the function of the contractile ring for cytokinesis in fission yeast cells. We find that it mediates the spatial coordination of the assembly of the septum, so that the septum hole is round and centered. Guided by theoretical considerations ([@B57]), we find that the ring may regulate curvature-dependent cell wall growth that shapes and guides the assembly of the septum. This curvature dependence suggests that actin-myosin--dependent forces from the ring stimulate and coordinate cell wall synthesis at the septum.

RESULTS
=======

The cytokinetic ring is required for spatial coordination of septum assembly
----------------------------------------------------------------------------

Because rod-shaped fission yeast cells typically lie flat relative to the coverslip, conventional approaches to imaging the entire cytokinetic ring usually involve three-dimensional (3D) reconstructions from *z-*stacks acquired perpendicular to the ring. However, spatial resolution is poor in such reconstructions, limiting the ability to determine geometric features of the division apparatus. We improved the spatial resolution by positioning fission yeast cells vertically in arrays of polydimethylsiloxane (PDMS) chambers. These circular chambers were 4 and 6 μm in diameter, which was suitable to hold *S. pombe* cells, which are ∼4 μm in diameter ([Figure 1A](#F1){ref-type="fig"}). Using this approach, we could image the ring and septum in a small number of *z*-images with much higher spatial resolution than was possible using conventional approaches. We imaged cytokinesis using 2GFP-Bgs4 to mark the septum leading edge ([@B15], [@B16]) and Rlc1-tomato (myosin regulatory light chain; [@B30]) to mark the contractile ring. In wild-type cells at 30°C, septa ingressed centripetally and usually completed cytokinesis within 20 min ([Figure 1B](#F1){ref-type="fig"}, top). Both the septum and ring formed nearly circular patterns as they closed.

![Spatial coordination of septation by the cytokinetic ring. (A) Schematic of fission yeast cells standing vertically in micro-­well PDMS chambers. (B) Time-lapse images of wild-type live cells. 2GFP-Bgs4 and Rlc1-tomato expressed from their native promoters were used to mark the septum and the cytokinetic ring, respectively. Cells were grown at 25°C and imaged with 2-min intervals. Sum of intensity projection of confocal images of the medial three slices. Top, cells treated with DMSO imaged as a control at 2-min intervals. Note that the septum hole was round and symmetric throughout the whole process. Bottom, cells treated with 200 μM LatA imaged at 4-min intervals. Note that the septum hole becomes noncircular and asymmetric. (C) Time-lapse images of *myo2-E1* (myosin heavy chain) mutant cells expressing 2GFP-Bgs4, grown at 25°C. (D) Time-lapse images of *cdc12-112* (formin) mutant cells expressing 2GFP-Bgs4. Cells were initially grown at 25°C and then shifted to 33°C for imaging. Scale bar, 2 μm. (E) Schematic showing septation in the absence of a functional ring. (F, G) Boxplots of skewness and circularity of septum holes from cells of various strains and treatments (*n* ≥ 7 cells; see *Materials and Methods*). (F) Quantification of the skewness of septum holes for each condition (see *Materials and Methods*). (G) Quantification of the circularity of septum holes for each condition (see *Materials and Methods*). See also Supplemental Figure S1.](78fig1){#F1}

To understand the role of the actomyosin ring in this process, we inhibited F-actin polymerization by treating the cells with 200 μM LatA, which leads to the rapid, complete loss of all detectable F-actin ([@B12]; [@B44]; Supplemental Figure S1A). The septum did not immediately change position (or pop back) upon this sudden removal of the ring, suggesting that the septum is not visibly stretched by the ring (Supplemental Figure S1B). Time-lapse images showed that the septum continued to ingress. Of interest, the septum hole became noncircular and asymmetric relative to the cell center during the progression of cytokinesis ([Figure 1B](#F1){ref-type="fig"}, bottom). This suggests that actin is needed to maintain a round and symmetric septum hole during ingression.

Because actin affects numerous processes, we tested whether these effects on septum shape were dependent specifically on the ring. We found that conditional mutants in ring proteins *myo2-E1* (myosin heavy chain; [@B3]) and *cdc12-112* (formin; [@B13]) display noncircular and asymmetric septa similar to those seen in LatA-treated cells ([Figure 1, C and D](#F1){ref-type="fig"}). Because actin also contributes to membrane trafficking, we tested whether inhibition of the secretory pathway or endocytosis causes septal shape defects. We found that in cells treated with brefeldin A (BFA; [@B58]), which disrupts the Golgi apparatus, the septum ingressed more slowly but still maintained its circular shape (Supplemental Figure S1D). In an endocytosis mutant *wsp1Δ* ([@B31]; [@B4]), the septum also ingressed with a circular hole (Supplemental Figure S1D).

To quantify these effects, we measured the "skewness," which is the distance that the septum deviated from the center of the cellular cross section, and the "circularity," which describes how round a shape is (see *Materials and Methods*). Skewness was significantly increased in LatA-treated, *myo2-E1*, and *cdc12-112* cells (*p* = 0.0024, 0.015, and 0.03, respectively), but not in wild-type, BFA-treated, and *wsp1Δ* cells ([Figure 1F](#F1){ref-type="fig"}). Circularity was significantly decreased in LatA-treated, *myo2-E1*, and *cdc12-112* cells (*p* = 0.00021, 0.016, and 0.00043, respectively), but not in wild-type, BFA-treated, and *wsp1Δ* cells ([Figure 1G](#F1){ref-type="fig"}). Taken together, these data show that defects in the cytokinetic ring, rather than in general membrane trafficking, are responsible for shape abnormalities of the septum. Thus the ring may function to globally coordinate septum cell wall synthesis, thereby keeping the septum hole circular and symmetric ([Figure 1E](#F1){ref-type="fig"}).

Asymmetric septum assembly in cells with altered septum shape
-------------------------------------------------------------

If the cytokinetic ring keeps the septum hole circular, can it actively restore noncircular holes to a circular shape? We devised three ways to alter the shape of the septum. First, we slightly flattened the rod-shaped cells by applying pressure on the coverslip ([Figure 2, A and B](#F2){ref-type="fig"}). This caused the cross section of the cell and the septum hole to take on a flat-oval shape. The cross section of the cell, as marked by fluorescein isothiocyanate conjugated lectin (FITC-lectin), did not change over the course of the experiment ([Figure 2B](#F2){ref-type="fig"}). Time-lapse imaging showed that the septum continued to grow ([Figure 2B](#F2){ref-type="fig"}). Of interest, the septum hole grew from its original flat-oval shape into a more-rounded shape, indicating that the growth of the septum was not homogeneous ([Figure 2B](#F2){ref-type="fig"}). The septum grew 4.0 ± 1.8 times faster in the direction of the long axis than along the short axis. The curved part of the septum grew faster than the flat part ([Figure 2, C and D](#F2){ref-type="fig"}). By varying the extent to which we flattened the cells, we observed that the initial height of the septum hole negatively correlated with the ratio between the septum growth rates along the long and short axes (Supplemental Figure S2). Thus these findings suggest that the shape of the septum hole may modulate the local growth of the septum.

![Septum closure in flattened cells. (A) Fission yeast cells were placed between a glass coverslip and glass slide in liquid medium and gently pressed to produce a flattened shape. Schematic view, with the septum in red and ring in green. (B) Time-lapse images of a representative wild-type live flattened cell expressing RFP-Bgs4 and Rlc1-GFP. 3D projections of the confocal images. Cells were stained with FITC-lectin to mark their boundaries. Images were taken at 2-min intervals. Note the change of the shape of the septum hole. Scale bar, 2 μm. (C) Quantification of septum ingression in a representative cell. Note that the septum ingresses faster along the long axis than along the short axis. (D) Comparison of ingression rates along the long and short axes in different cells. Blue dots, long axis; red dots, short axis. Note that the septum ingresses faster along the long axis than the short axis in each case. See also Supplemental Figure S2.](78fig2){#F2}

Second, we placed cells vertically into PDMS chambers and then stretched the PDMS slab. In this procedure, the cross section of the cells and the division apparatus became oval shaped ([Figure 3A](#F3){ref-type="fig"} and Supplemental Figure S3). Time-lapse images showed that the oval septum also ingressed faster along the long axis than along the short axis ([Figure 3B](#F3){ref-type="fig"}). Oval shapes were maintained with a roughly consistent speed ratio between the axes ([Figure 3, C and D](#F3){ref-type="fig"}). To address the possibility that effects were due to compression of the septum caused by the manipulations, we found similar behavior in cells that formed a septum only after the cells were deformed (Supplemental Figure S3B). Imaging of these oval-shaped cells in a vertical orientation allowed us to measure the distribution of division proteins. The mean fluorescence intensities of Rlc1-tomato on the ring and GFP-Bgs4 along the septum leading edge were uniform ([Figure 3E](#F3){ref-type="fig"}). In particular, in individual cells, fluorescence intensities at regions at the long axis and at the short axis showed no differences (average ratio of Bgs4 intensities, 1.00 ± 0.07; ratio of Rlc1 intensities, 0.95 ± 0.12; *n* = 6). Therefore the asymmetric rates of septum growth along these oval-shaped septa were not due to differences in the distribution of these proteins.

![Septum closure in cells with an elliptical shape. (A) Fission yeast cells were placed vertically in PDMS wells as in [Figure 1A](#F1){ref-type="fig"}. The PDMS slab was then physically stretched in one direction (Supplemental Figure S3A), deforming the wells and the cells, which take on an oval-shaped cross section. TRITC-lectin stains the cell walls and fortuitously the edges of the PDMS chambers, and GFP-Bgs4 and Rlc1-tomato mark the septum and the cytokinetic ring, respectively. (B) Time-lapse images of wild-type live deformed cells. Sum of intensity projection of the confocal images. Scale bar, 2 μm. (C) Asymmetric septum closure in a representative cell. (D) Comparison of ingression rates along the long and short axes in different cells. Blue dots, long axis; red dots, short axis. (E) Measurements of fluorescence intensities of Rlc1-tomato and GFP-Bgs4 around the leading edge of the septum. Left plot, Rlc1-tomato; right plot, GFP-Bgs4. Fluorescence intensity values were normalized to the mean intensity along each septum. Graphs show average values with SD as error bars (*n* = 6 cells). See also Supplemental Figure S3.](78fig3){#F3}

Third, we generated irregular shapes of the septum hole using the formin *cdc12-112* temperature-sensitive mutant. On shift to restrictive temperature, *cdc12-112* cells rapidly lose their actomyosin ring ([@B44]), and the septum holes become irregular in shape. When shifted back to the permissive temperature, the cells reformed an actin ring in ∼5 min ([Figure 4A](#F4){ref-type="fig"}). We used this procedure to determine whether an irregularly shaped septum can become more circular over time ([Figure 4B](#F4){ref-type="fig"}). Indeed, we observed that the septum hole gradually grew into a more circular shape in the presence of an actin ring ([Figure 4C](#F4){ref-type="fig"}; in four of five cells observed). This is caused by differences in the local growth rates of the septum cell wall along the septum leading edge ([Figure 4D](#F4){ref-type="fig"}). Taken together, our data suggest that variations in local ingression rate may be generally a function of the septum hole shape regardless of the initial shape and act to drive the septum hole toward a circular cross section.

![Asymmetric growth of irregularly shaped septa in *cdc12-112* formin cells. (A) Irregularly shaped septa were generated in formin *cdc12-112* temperature-sensitive mutant cells by growing them at the permissive temperature of 25°C, shifting to the restrictive temperature 36°C for 4 min to inhibit the ring, and then going back to 25°C for various lengths of time. Samples were prepared, fixed, and stained for F-actin and DNA (Supplemental Figure S4). Graph shows percentage of cytokinesis-phase cells with a complete, partial, or absent/fragmented actin ring. Note that the actin rings appear to reassemble in most cells after ∼5 min at the permissive temperature. (B) Schematic showing the operation of *cdc12-112* cells and changes in the actin ring and the septum shape. (C) Time-lapse images of a representative *GFP-Bgs4 cdc12-112* cell after being transferred to the restrictive temperature and then restored to the permissive temperature. Note that starting from 6 min, the septum hole gradually grows more regular in shape. Scale bar, 2 μm. (D) Quantification of septum growth of the *cdc12-112* cell in C. The distance labels *L*~1~, *L*~2~, *L*~3~, and *L*~4~ are color coded as indicated in the diagram on the left. Note that the local ingression rate is greater at the regions with higher curvature.](78fig4){#F4}

Septal growth rate is dependent on local curvature
--------------------------------------------------

These experiments suggest that in the presence of a functional ring, local septum growth rates depend on the local shape of the septum, with increased cell wall growth at curved regions of the septum hole. This result can be explained if the rate of cell wall assembly is mechanosensitive to the pulling force of the ring normal to the membrane. Generalized from the law of Laplace ([@B29]; [@B21]; [@B18]; [@B67]), the amount of force perpendicular to the membrane is dependent on the tension along the membrane (generated by the contractile force of the ring attached to the membrane) and is proportional to the local curvature ([@B57]). The roughly equal distributions of myosin and actin filaments around the ring ([Figure 3E](#F3){ref-type="fig"}; [@B40]; [@B27]) suggest that tension in the plane of the membrane is roughly equal along the septum. Thus, in this case, force should simply correlate with curvature. This relationship predicts that in regions with high curvature, the cytokinetic ring exerts higher inward pulling force on the plasma membrane, whereas in the flat regions, the ring provides little inward pulling force.

To test this mechanical model, we sought to quantify the relationship between local septum growth and curvature. We measured the local curvature and the local septum growth rate via a semiautomatic MATLAB script based on contour-tracking software ([@B60]). Consecutive contours of the septum hole were extracted at subpixel resolution from time-lapse images (see *Materials and Methods*). As a control, we examined an ideal case in which we computationally generated contours of septum holes that are concentric circles with similar spatial resolution to our experimental measurements. As expected, local curvatures and local growth rates were essentially constant, leading to a cluster of data points around one focus ([Figure 5A](#F5){ref-type="fig"}). Experimental data from wild-type cells showed a similar distribution ([Figure 5B](#F5){ref-type="fig"}), reflecting the centripetal closure of a circular septum.

![Growth of the septum cell wall correlates with local curvature. Contours of closing septum holes were extracted and analyzed for local cell wall growth and local curvature. The left scatter plots compare the local curvature during septum ingression vs. local growth (see *Materials and Methods*). The right plots show the contours of each septum at the two consecutive time points used for the scatter plot (4 min apart in A--E and 12 min apart in F). (A) Simulated septation (ideal circular images were created and processed using the foregoing methods); (B) wild-type cells during normal growth; (C) cells with flat-oval septum holes as in [Figure 2](#F2){ref-type="fig"}; (D) cells with elliptical septum hole as in [Figure 3](#F3){ref-type="fig"}; (E) *cdc12-112* cells with irregularly shaped septum holes as in [Figure 4](#F4){ref-type="fig"}; and (F) wild-type cells treated with 200 μM LatA. (G) Comparison of correlations. Average Pearson correlation coefficients (*R*) from plots like those given were generated from *n* ≥ 12 time points in two or three image sequences for each treatment group.](78fig5){#F5}

However, analyses of time-lapse images of cells with altered septum shapes revealed a range of local growth rates. Strikingly, local growth rates across the septum hole boundary in a given cell showed a strong positive correlation with the measured local curvature in flat-oval and oval-shaped septa ([Figure 5, C and D](#F5){ref-type="fig"}). A positive but somewhat weaker correlation was evident in the irregularly shaped septa (*cdc12-112* cell; [Figure 5E](#F5){ref-type="fig"}); the weaker correlation coefficient values may reflect the incomplete recovery of a functional ring in this condition. In contrast, in LatA-treated cells without an actin ring, the correlation was lost ([Figure 5F](#F5){ref-type="fig"}). These observations suggest that septum growth is dependent on local curvature and that this property is dependent on the cytokinetic ring ([Figure 5G](#F5){ref-type="fig"}).

Mathematical modeling of septum growth based on curvature dependence
--------------------------------------------------------------------

To test whether curvature-dependent growth is sufficient to recapitulate the trajectories of septum hole shape that we observed in our various perturbations, we developed a mathematical model to simulate the process of septum ingression. We assume that the local growth rate of the septum scales proportionally with local curvature. In simulations based on this model, qualitative comparisons of septum hole shape showed that the model largely recapitulated experimental results ([Figure 6](#F6){ref-type="fig"}, A with D; B with E; C with F); quantitative comparison between the shapes in our simulations and those extracted from experimental data exhibited a high area of overlap and low comparison error (Supplemental Figure S5A and [Figure 6, J--L](#F6){ref-type="fig"}, black line). This agreement for simulations of curvature-dependent growth was present across cells with different septum hole shapes and during the progress of ingression for single cells. In contrast, in simulations in which the septum ingressed uniformly along the septum leading edge, the septum hole did not become circular during progression ([Figure 6, G--I](#F6){ref-type="fig"}) and the errors of simulation are higher ([Figure 6, J--L](#F6){ref-type="fig"}, red line). Thus, our simulations demonstrate that curvature-dependent regulation of septum growth can explain the patterns of septum growth seen in the different experiments.

![Mathematical simulations of septum morphologies based on curvature-dependent growth. (A--C) Experimental data showing contours of septum holes in time-lapse sequences in (A) cells with flat-oval septum holes as in [Figure 2](#F2){ref-type="fig"}, (B) cells with elliptical septum holes as in [Figure 3](#F3){ref-type="fig"}, and (C) cells with irregularly shaped septum holes as in [Figure 4](#F4){ref-type="fig"}. Contours were extracted from the time-lapse images of septum ingression and were projected onto the same two-dimensional (2D) plane. The interior contours (more blue) are later time points of septum ingression than the exterior contours (more red). (D--F) Simulations of septum growth assuming curvature-dependent growth. The initial contours were taken from the initial frames for the corresponding cell in A--C. The local septum growth direction was determined by the average normal over 326.5 nm (5 pixels); the local septum growth rate was determined based on the local curvature and their positive correlation (see *Materials and Methods*). All generated contours were projected onto the same 2D plane. (G--I) Simulations of septum growth assuming uniform growth. The local septum growth direction was determined by the average normal over 400 nm; the local septum growth rate was uniform (see *Materials and Methods*). (J--L) Comparison between experimental results and simulations. The error of each frame was calculated from the contour of the experimental result and the corresponding simulated contour with curvature-dependent (red) and uniform (black) growth (see *Materials and Methods*). See also Supplemental Figure S5.](78fig6){#F6}

Local concentrations of ring components may also contribute to septum assembly
------------------------------------------------------------------------------

We next examined why the septum grows into irregular shapes in the absence of the functional ring. In the absence of actin, many ring components remain associated with the division site, presumably by association with the plasma membrane ([@B41]; [@B64]). In LatA-treated wild-type cells labeled with Rlc1-tomato and 2GFP-Bgs4, Rlc1-tomato in the ring appeared to fragment into numerous pieces on the membrane. We found that the septum locally grew faster at regions containing these Rlc1-tomato fragments ([Figure 7A](#F7){ref-type="fig"}; see also [Figure 1B](#F1){ref-type="fig"}). These regions are likely to contain many ring proteins, including Cdc12 ([Figure 7C](#F7){ref-type="fig"}) and Cdc15 (Supplemental Figure S6A). This correlation suggests that fragments containing a subset of ring proteins may promote local septum growth. One candidate that might drive septum growth is Bgs1, a β-glucan synthase that drives primary septum formation ([@B16]). Of interest, in LatA-treated cells and in *myo2-E1* mutants, the distribution of GFP-Bgs1 is heterogeneous ([Figure 7D](#F7){ref-type="fig"} and Supplemental Figure S6D), and the rate of local septum growth correlates with the local intensity of GFP-Bgs1 ([Figure 7D](#F7){ref-type="fig"} and Supplemental Figure S6D). Therefore, in contrast to septum formation in oval-shaped cells, in which the ring exhibited even distributions of components ([Figure 3E](#F3){ref-type="fig"}), in these LatA-treated cells or *myo2-E1* mutants, the asymmetric distributions of ring components such as Bgs1 influence the spatial control of septum assembly.

![Ring fragments locally stimulate septum growth in the absence of the ring. (A) Time-lapse images of live wild-type cells expressing Rlc1-tomato and 2GFP-Bgs4 treated with 200 μM LatA. Growth rate maps of septum assembly were generated from the contour of the septum hole of the image at the current time point and the contour 4 min later. Local growth amount was measured using the same method as in [Figure 3](#F3){ref-type="fig"}. Heat map represents the relative local growth rate. Bottom, local growth of the septum (frames 4--6) and the corresponding distribution of Rlc1-tomato fluorescence intensity (frame 4). (B) Schematic showing that local septum growth correlates with localization of cytokinetic ring components in the absence of a functional ring. (C) Time-lapse images of wild-type cells expressing Cdc12-3GFP (formin) and Rlc1-tomato (regulatory myosin light chain) treated with 200 μM LatA. Note that these proteins still colocalize upon fragmentation of the ring. (D) Time-lapse images of *myo2-E1* cells expressing Tomato-Bgs1 (β-glucan synthase). Growth rate maps and comparison between septum growth and Tomato-Bgs1 distribution in frames 5--7 are as described in A. Scale bar, 2 μm. See also Supplemental Figure S6.](78fig7){#F7}

DISCUSSION
==========

The contractile ring regulates curvature-dependent septum assembly
------------------------------------------------------------------

Here we showed that the *S. pombe* contractile ring spatially coordinates the process of septum formation, leading to a circular, centered septum hole ([Figures 2--4](#F2 F3 F4){ref-type="fig"}). In the absence of F-actin or other ring components, the septum assembles in a disorganized manner and adopts highly noncircular shapes ([Figure 1](#F1){ref-type="fig"}). In cells with a noncircular septum, the division machinery in the presence of a functional ring appears to employ a correction mechanism that makes the shape of the hole more circular as the septum ingresses, in an actin-dependent manner. Our experimental measurements coupled with modeling demonstrate that the dynamics of this shape restoration are consistent with curvature-dependent septum growth. We speculate that the ability of the ring to globally coordinate cell wall synthesis is critical for the orderly and accurate formation and closure of the cell wall for proper division. Even in cells of normal morphology, the ring may be needed to correct for natural variations in cell wall synthesis around the septum ([@B57]). As illustrated by ring and cell wall mutants ([@B14]; [@B38]; [@B15]; [@B65]), orderly assembly of the septum is critical for cell integrity during division: if septum assembly is disorganized and the cell wall is not complete, there is a danger of the cell stalling in cytokinesis or lysing if it attempts to divide.

The strong positive correlation between septum growth rate and hole curvature in a variety of morphological situations ([Figure 5](#F5){ref-type="fig"}) suggests that the cytokinetic ring regulates septum assembly using a force-sensitive mechanism. The ability of contractile structures to shape membranes is well known. However, in this case, it is likely that the ring is not the primary force generator for ingression; calculations suggest that the ring cannot exert nearly enough force to counter turgor pressure for division ([@B47]). Instead, the ring likely provides a relatively small amount of pulling force on the plasma membrane. The forces perpendicular to the membrane are predicted to be curvature dependent: in regions with higher curvature, the cytokinetic ring should exert higher inward pulling force on the plasma membrane than in flat regions parallel to the plasma membrane. How mechanical force stimulates cell wall synthesis is not yet clear. One possibility is that actin filaments in the ring may pull directly on a glucan synthase such as Bgs1 or one of its regulators or pull on the membrane ([@B47]). It is unlikely that the local curvature of the membrane itself explains these shape effects, as a much larger curvature along the long axis of the cell at the edge of the septum is likely to dominate the more subtle changes in curvature along the septal hole. The basis for mechanical regulation of cell wall synthases will be an interesting question to pursue.

This simple curvature-based model does not account for all properties of ring closure. Of note, cleavage furrow ingression in many cell types has been noted to occur at a constant rate ([@B44]; [@B10]); a model based purely on curvature predicts that closure would gradually speed up as curvature increases during ingression. Further, the rate of ingression scales with the initial size of the ring ([@B10]; [@B9]). To explain these behaviors, a model based on contractile units, in which the architecture of the ring changes as it closes, has been proposed ([@B10]); in the context of this model, changes in contractile forces may offset the effects of the increase in curvature as ingression proceeds.

It is now apparent that the cytokinetic ring has multiple roles in cytokinesis. Previous studies showed that the ring is needed for initial marking of the septum site and determines the position and orientation of the division plane. However, how the ring recruits the cell wall machinery to this site is not well understood. Here we examined its roles during closure, after septation has started. We find that in addition to force production, the ring has additional functions in stimulating cell wall synthesis. In LatA-treated cells, a subset of ring components still localize to the division site in fragments ([Figure 7](#F7){ref-type="fig"}; [@B64]). Similar abnormal structures have been noted in animal cells ([@B25]). In fission yeast, these fragments are able to promote septum growth, but in an uneven manner. Thus, in addition to mechanical forces, the ring also serves to spatially distribute the cell wall machinery relatively evenly around the leading edge of the plasma membrane.

Actin and cell shape regulation
-------------------------------

These findings provide an example of how contractile structures may use force to globally influence cell shape, in this case to shape the septum into a round annulus. During cytokinesis in animal cells such as sea urchin, the contractile ring is believed to provide the major force for pulling in the plasma membrane for furrow ingression ([@B48]). However, there has been little quantitation of ring shapes during ingression that could be used to directly test such mechanical models. Using an approach similar to the one we presented here, we found that sea urchin embryonic cells also generate patterns of closure that are based on curvature dependence (unpublished data)---for instance, closing a triangular hole into a round one. In these cells, the contractile ring may provide curvature-dependent forces to directly move the membrane. Similar membrane closure events guided by purse-string actin structures have also been studied in systems such as epithelial wound closure in *Drosophila* embryos ([@B1]) and wound closure in *Xenopus* eggs ([@B35]).

In walled cells, there is a growing appreciation for the links between cell wall assembly and guidance by the underlying cytoskeleton. In bacteria, FtsZ (tubulin-like) and FtsA actin-like ([@B8]) recruit downstream proteins to guide cell wall assembly and remodeling during cell division ([@B33]; [@B59]). The actin-like MreB localizes to sites of cell wall assembly along the lateral cell walls of rod-shaped bacteria during cell elongation, and its dynamics is dependent on cell wall synthesis ([@B62]; [@B59]; [@B63]). In plants, cellulose synthase complexes are similarly guided by cortical microtubules ([@B43]; [@B24]). Mechanical stresses regulate cell wall shapes and may regulate microtubule distribution ([@B28]). In cytokinesis of higher plants, microtubules at the phragmoplast position the formation of the cell wall plate at cytokinesis, and actin appears to guide cell wall growth to position and orient the plate ([@B51]; [@B61]; [@B53]). Understanding how mechanics and the cytoskeleton control the cell wall will be a key to understanding cell shape control in walled cells.

MATERIALS AND METHODS
=====================

Yeast strains and media
-----------------------

Standard methods for media and genetic manipulations were used. *Schizosaccharomyces pombe* strains used in this study are listed in Supplemental Table S1. Cells were generally grown at 25°C in rich YE5S (yeast extract with amino acid supplements; Sunrise Science Products, San Diego, CA) medium to exponential phase.

Microfabrication of wells
-------------------------

Soft lithography methods were used to make PDMS microwells of varying diameters and spacings. These were cylindrical wells of 4-6 μm in diameter, with ∼20-μm depth in a hexagonal array. The photo mask design was generated as printed chrome on mica by Advance Reproductions Corporation (North Andover, MA), and a silicon master was fabricated using standard photolithography techniques at the Microsystems Technology Laboratory at the Massachusetts Institute of Technology. A 10:1 mixture of PDMS SYLGARD 184 silicone elastomer and curing agent (Dow Corning, Midland, MI) was poured onto a master and subsequently baked at 50°C for 6 h. The replica was then peeled off the master. The PDMS wells were treated with a plasma cleaner (Harrick Plasma, Ithaca, NY) for 1--2 min just before addition of the cells.

Microscopy
----------

A spinning-disk confocal (CSU10; Yokogawa, Tokyo, Japan) inverted microscope (Eclipse Ti; Nikon, Melville, NY) with a Hamamatsu electron-multiplying charge-coupled device camera (Hamamatsu Photonics, Hamamatsu, Japan) and 100×/1.4 numerical aperture objective with a 1.5× magnifier was used for image acquisitions. Imaging was performed at room temperature (25°C) unless otherwise indicated. When necessary (imaging *cdc12-112* strains), temperature was controlled using an objective heater (Bioptechs, Butler, PA). Image acquisition was performed using Micromanager 1.4 ([@B20]).

For imaging cells with a conventional orientation such that the septum is perpendicular to the imaging plane, confocal slices were taken at 0.4-μm intervals. The raw images were then either processed through 3D projection or flattened using maximum-intensity projection.

For inserting cells into PDMS chambers, cells growing in exponential phase were concentrated 25 times by spinning for 10 s, and 1 μl of concentrated culture was spread onto the PDMS chambers. The sample was then covered with a coverslip on which gentle force was exerted to push the cells in. Typically 10--50% of the wells could be filled with individual cells. The fields were manually scanned for cells with a ring, and then cells were followed by time-lapse imaging. The focus was set at the medial focal plane around the septum. Three *z-*slices 0.4 μm apart centered at the medial focal plane were acquired to cover the entire septum. Images used for analysis were sum-intensity projections of these three slices.

Dyes
----

Alexa Fluor 488--Phalloidin (Molecular Probes, Life Technology, Eugene, OR) was used for F-actin staining in fixed cells ([@B14]). 4′,6-Diamidino-2-phenylindole (DAPI) was added at a concentration of 1 μg/ml for nucleus staining. Cell wall was stained with FITC-lectin (Sigma-Aldrich, St. Louis, MO; [Figure 2](#F2){ref-type="fig"}) or tetramethylrhodamine isothiocyanate--conjugated lectin (TRITC-lectin; Sigma-Aldrich; [Figure 3](#F3){ref-type="fig"}).

Pharmacological inhibitors and drugs
------------------------------------

LatA (Sigma-Aldrich) assays were performed by concentrating 500 μl of cell liquid culture into 49.5 μl and adding 20 mM LatA stock in dimethyl sulfoxide (DMSO) for a final concentration of 200 μM. At this concentration, we confirmed that there was no F-actin detectable by phalloidin staining in the cell. BFA (Sigma-Aldrich; [@B58]) was prepared in ethanol (10 mg/ml) and kept at 4°C, and this stock was used as a 100-fold dilution to the final concentration of 100 μg/ml.

Image analysis
--------------

Image processing was done using ImageJ (National Institute of Health, Bethesda, MD) and MATLAB R2009b (MathWorks, Natick, MA). Images in a time-lapse sequence were preprocessed using the ImageJ plug-in StackReg ([@B56]).

To quantify skewness and circularity, contours of the septum holes and the outline of the cells were extracted manually using ImageJ. Skewness is defined as the ratio between the distance of two mass centers and the radius of the circle fit to the cell, where positions of the mass centers were calculated using ImageJ. Circularity is defined as follows: where area and perimeter are those of the septum hole and were calculated using ImageJ. The data in [Figure 1](#F1){ref-type="fig"} are box plots, in which the red bar marks the median; the box contains the 25th (q1) to 75th (q3) percentiles, and the whiskers extend to the most extreme data that are not outliers, which are defined as smaller than 2.5q1 -- 1.5q3 or greater than 2.5q3 + 1.5q1.

To measure local septum growth and curvature, contours were extracted either using a custom MATLAB script ([@B60]; [Figure 5, A, B, and D](#F5){ref-type="fig"}) or by hand using a customized script written in MATLAB to allow subpixel resolution ([Figure 5, C, E, and F](#F5){ref-type="fig"}) and then followed by Gaussian smoothing (SD, 10 pixels; Gaussian mask, 3 pixels). Midplane contour curvature was a three-point measurement defined by the arc-length derivative of the vector field formed from the unit normals to the contour. Each curvature profile was smoothed with a low-pass Gaussian filter with SD *σ* = 10 contour points and Gaussian mask *r* = 60 points. There is effectively no lower bound on the magnitude of curvature that can be measured, whereas we estimate that optical limitations and the smoothing filter impose a limit on the maximum magnitude of measured curvature of no more than ∼7 μm^−1^. Across a wide range of cellular data, the observed curvatures range from ∼0 to ∼3 μm^−1^ and thus lie within the resolution limits. Local growth direction was determined by calculating the mean surface normal over 326.5 nm (5 pixels). Local growth rate was calculated from the distance between two consecutive frames (4 min apart) at a point in the direction of local growth (normal to the contour at the earlier time point).

Local protein fluorescence intensity at the leading edge of the septum was measured by adding up the intensity value of the pixel over the septum contour and the intensity values of its 4 adjacent pixels along the normal direction (2 pixels outside and 2 pixels inside).

The area within a closed contour was calculated using the built-in MATLAB "polyarea" function.

Mathematical simulations of septum ingression
---------------------------------------------

Mathematical simulations of septum ingression were carried out in MATLAB. Septum curvature and septum growth direction were determined using the same method as for experimentally determined contours. Local septum growth rate was assumed to either be curvature-dependent ([Eq. 2](#m2){ref-type="disp-formula"}) or uniform along the leading edge of the septum. For curvature-dependent simulations, the local ingression rate *v* was given by where *c* is a constant and *κ* is the local curvature of the septum. If the local curvature was negative, growth was set to 0.

To increase simulation accuracy, the points extracted from the contour were locally linearly interpolated with a distance of 0.1 pixel.

Raw growth direction vectors were obtained by calculating the normal vector of the tangent of three adjacent points across the extracted contour. The raw growth direction always points to the inside of the septum hole. Growth direction vectors were then calculated by averaging over 51 points. For each contour point, the position () was updated at each iteration of the simulation as

After each iteration, we respaced the points along the contour using interpolation to maintain a uniform distance between points. An example of the simulation showing each iteration can be seen in Supplemental Figure S5B. [Figure 6](#F6){ref-type="fig"} shows the representative frames.

Error from the comparison of the simulated contour and the experimental data are calculated using

The overlap of two closed contours was calculated using the MATLAB "polybool" function.
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BFA

:   brefeldin A

DAPI

:   4\', 6-diamidino-2-phenylindole

DMSO

:   dimethyl sulfoxide

FITC-lectin

:   fluorescein isothiocyanate conjugated lectin

GFP

:   green fluorescent protein

LatA

:   latrunculin A

PDMS

:   polydimethylsiloxane

RFP

:   red fluorescent protein

Tomato

:   tandem tomato dimer fluorescent protein

TRITC-lectin

:   tetramethylrhodamine isothiocyanate-conjugated lectin.
